Abstract A laboratory-scale tracer test has been carried out to improve the characterization of the transport properties of the concrete from the radioactive waste disposal facility at El Cabril (Spain). High entry pressure was employed in order to perform the experiment in a reasonable time span. Lithium, bromide and deuterium were used as tracers. The conceptual model considered matrix diffusion between a mobile pore domain, where water can flow, and an immobile zone without any advective transport. Three geometries have been compared, considering the immobile zone as slabs, spheres or tubes. Porosity of the mobile zone and characteristic time was estimated by calibrating the model results to the measured breakthrough curves of deuterium and bromide. The calculated values showed that the characteristic time depends on the geometry, and similar porosity of the mobile zone was estimated for all geometries. The double-porosity conservative transport model could reproduce the deuterium breakthrough curve. However, the bromide behaviour could not be reproduced even when linear retardation was applied. 
Introduction
Cementitious materials are used as barriers in radioactive waste storage. An example is the low-and intermediate-level radioactive waste facility at "El Cabril," Southern Spain (Zuloaga et al. 2006) , which also motivates this work. It is important to understand the processes and parameters for solute transport in concrete. Concrete is a porous material that consists of cement paste and coarse and fine aggregates. The cement paste is composed of the hydration products of the cement, mainly CSH (calcium silicate hydrate), portlandite, ettringite and/or monosulphate together with smaller amounts of other hydration products. The way these phases are arranged geometrically can be quite complex. The microstructure of concrete around the aggregates is different from that of the bulk cement. In this so-called interfacial transition zone, the porosity can be higher (Taylor 1997; Scrivener et al. 2004 ).
Most studies consider diffusion as the main transport mechanism in cement-based materials and use tracer tests to study it. Traditionally, diffusion coefficients of different solutes are determined by means of diffusion cells, where the samples can only be a few mm thick because of the slow diffusion in this kind of material. For instance, Goto and Roy (1981) and Atkinson and Nickerson (1984) studied the effect of water/cement ratio, temperature, electric potential and/or curing time on the diffusion coefficient of Na + , Cl − , I − and Cs + in cement pastes. The diffusion coefficients were obtained analytically. Tits et al. (2003) used numerical models to analyse their diffusion experiments with tritium and Na + and obtained the effective diffusion coefficient and the capacity factor of a high permeability cement. Although they used a single-porosity model, they suggested the existence of a second type of porosity. Also, Kamali-Bernard et al. (2009) used numerical models for tritiated water diffusion tests in cementitious materials to investigate the changes in their microstructure due to mineral leaching. In recent years, models have been proposed that take into account the heterogeneity caused by the complex structure of concrete. An example is the work of Dridi (2013) , who made numerical models of tritium transport in cement pastes and concrete, explicitly simulating the geometry of the aggregates, interfacial transition zone and cement paste.
All these studies focused on diffusion, which makes sense in most cases, because concrete has a low permeability and water flow is often negligible. However, when concrete is exposed to evaporation, pressure gradient may become high and flow of water, and hence, advection and dispersion play a more important role. This is the case of the facility at "El Cabril" (Zuloaga et al. 2006; Chaparro and Saaltink 2014; Chaparro et al. 2015) . In this work, we study solute transport in concrete taking into account diffusion, dispersion and advection. We treat the heterogeneity of concrete by means of matrix diffusion. Matrix diffusion has been applied to hydrogeological studies, particularly fractured aquifers (Carrera et al. 1998; Jakob et al. 2003; Heer 2004) . The goal of this work is to improve the understanding of processes and transport properties in concrete where advection is important. In particular, we studied the concrete from the radioactive waste disposal facility at "El Cabril." 2 Experimental Set-up
Material
The concrete was manufactured by ENRESA (Spanish Nuclear Waste Management Company) following the same procedure as in the Radioactive Waste Disposal Facility at "El Cabril" (Spain). It has a low intrinsic permeability, which is between 4.5 × 10 −18 and 8 × 10 −19 m 2 , measured using a constant-head permeameter with water, and its w/c ratio was 0.44. The composition of the concrete is given in Table 1 .
Sample Preparation
A cylindrical sample with a diameter of 5.5 and 10 cm in length was drilled from a cylindrical concrete block cured during approximately 6 months at room conditions. The sample was cut in three parts. The first one had a length of 5.5 cm and was used to perform the infiltration test. The second one was used to measure the water content using an oven at 105 • C and had a length of approximately 2.5 cm. The last one was not used.
The specimen used to perform the infiltration test was waterproofed in order to avoid infiltration of water through its lateral sides. Firstly, the lateral sides of the sample were covered with a layer of mortar to fill large pores. Then, a titanium filter, with a porosity of 0.28, and a titanium cylindrical piece were placed at both the bottom and the top of the sample. Finally, the set-up was wrapped with several layers of Teflon, two layers of latex and several layers of insulating tape. Following this procedure, the core was ready to be introduced into the infiltration apparatus.
The Infiltration Test
We used a high-pressure core infiltration apparatus in order to perform the tracer tests in a reasonable time span. This device not only has been used to study tracer transport but also has been used to investigate chemical rock-water interaction (Adler et al. 2001; Mäder et al. 2004 Mäder et al. , 2006 Mäder 2007, 2010; Dolder et al. 2013; Jenni et al. 2013) . It was composed of three parts: the pressure vessel, the confining system and the infiltration system ( Fig. 1 ). The pressure vessel surrounds the core, containing the sample, confined with water of a pressure of 50 bars. This pressure was applied by connecting the pressure vessel to the confining system containing highly pressurized argon. The infiltration system consisted of pressurized helium (20 bars) connected to two tanks containing infiltration solutions, one with and one without tracers. Through a valve, either one or the other solution could be injected into the sample. Both solutions consisted of distilled water with 10.6 g/l of KOH and 0.1 g/l of Ca(OH) 2 , which gave a pH of 13.4. The tracer solution also had 155 mg/l of bromide and 576 mg/l of deuterium together in the same solution. We performed the tracer test using a pulse injection. To do so, the solution without tracers was injected into the core during 4 days. Then, we switched to the tracer solution during 2 days. Finally, we injected again the solution without tracers during several weeks. The water leaving the outlet was collected by syringes. Afterwards, the solutions were analysed. Deuterium was analysed using Picarro L2130-i, which is an isotopic water analyser for δD and δ 18 O. Bromide and lithium were analysed using ion chromatography analysis with an 850 ProfIC An/Cat apparatus with MCS CO 2 suppression from Metrohm.
Conceptual Model
Following Carrera et al. (1998) , our conceptual model is based on matrix diffusion, which is a transport mechanism that allows solute transfer between a mobile zone and an immobile zone. The mobile zone represents the well-connected pores with solute transport by advection, dispersion and diffusion. The immobile zone represents the matrix, where solutes are transported only by diffusion. We compared three geometries of the porous medium so as 
Parameters Definitions
The conceptual model considers double porosity, which means that there is a porosity for the mobile zone, and another one for the immobile zone. The sum of the mobile and immobile porosities is the total porosity (Eqs. 1, 2, 3).
Subscripts mo and im refer to mobile and immobile, respectively. φ t is the total porosity, φ mo is the porosity of the mobile zone, φ im is the porosity of the immobile zone, φ im is the porosity of the matrix. V total is the total volume (m 3 ), V p is the pore volume (m 3 ), V p,mo and V p,im are the pore volume of the mobile and immobile zone, respectively (m 3 ), V matrix is the volume of the matrix (e.g. A matrix L c for slabs, in m 3 ) and f matrix is the volumetric fraction of the matrix (m 3 m −3 ).
A useful transport parameter is the characteristic time for diffusion in the immobile zone over a characteristic length. It can be formulated as: Another parameter is the specific surface, which is the interface area between the mobile and immobile zone divided by the total volume of the concrete sample. It depends on the geometry ( Fig. 2 ; Eqs. 5, 6, 7, 8) .
σ 0 is the specific surface (m 2 m −3 ) and A matrix is the area of the matrix (m 2 ).
Mass Balance Equations
The numerical model solves the balance equations for the mobile and immobile zones (Eqs. 9, 10).
x refers to the direction in which matrix diffusion takes place (from mobile to immobile zones) and y refers to the direction where advection takes place in the mobile zone. The left-hand term for both equations corresponds to storage. R is the retardation factor, and it is defined as:
ρ solid is the solid density (kg m −3 ) and k d is the distribution coefficient (m 3 kg −1 ). σ x is the specific surface at distance x (m 2 m −3 ), defined as:
The first term of the right-hand side of Eq. 9 corresponds to the sum of diffusion and dispersion, where c mo is the concentration of spices in the mobile zone (kg m −3 ) and D mo is the combined dispersion-diffusion coefficient of species in the immobile zone (m 2 s −1 ). This is defined as: The third term of Eq. 9 corresponds to advection, and the last one, F, is the exchange between the mobile and immobile zones, which is defined as:
We can define a dimensionless distance, x D , as:
and taking into account the definitions of specific surface (Eqs. 6, 7 or 8) and the characteristic time (Eq. 4), we can rewrite the balance equation for the immobile zone (Eq. 10) as:
Spheres:
Tubes:
By substituting the definitions of the specific surface (Eqs. 6, 7 or 8), the immobile porosity (Eq. 3) and the characteristic time (Eq. 4) into Eq. 18, we obtain the following exchange term for each geometry:
Using a dimensionless distance, our model can be described by means of four parameters: the immobile and mobile porosities, the characteristic time and the retardation factor.
Numerical Model
The simulations were carried out with PROOST (Process Oriented Optimization and Simulation Tool; Slooten et al. 2010) , which is a general purpose hydrological modelling tool.
Geometry and Mesh
A two-dimensional domain represented by a finite element mesh was used. We distinguished a mobile zone and an immobile zone. The mobile zone was represented by the y axis with 51 nodes and 50 one-dimensional elements. From each of these nodes, there is a series of onedimensional elements in the x axis representing the immobile zone. Each immobile zone was composed of 10 nodes and 10 one-dimensional elements with dimensionless lengths varying from 0.0025 to 0.3. Therefore, the whole mesh had 561 nodes and 560 elements.
Boundary Conditions and Initial Conditions
A prescribed time-dependent mass flux boundary condition (qc) was applied at the inlet. Both flux (q) and concentration (c) vary in time (Fig. 3) . Initial concentration in the domain was zero for bromide and 4.346 mg/l for deuterium.
Data and Calibration
Prior to a calibration of the matrix diffusion model of Sect. 3, we calibrated a single-porosity model without matrix diffusion to see whether this simpler model was capable of reproducing the experimental data (Fig. 4) .
Calibration of the matrix diffusion models was performed by fitting the model to the measured breakthrough curves of bromide and deuterium. Some parameters were fixed in the model, and some of them were calibrated. We used a porosity of 0.17 (Eq. 1), obtained from experimental data and numerical models (Villar et al. 2009; Chaparro et al. 2015) and calibrated a dispersivity of 0.001 m (Eq. 16) and pore diffusion coefficient of 5×10 −10 m 2 s −1 (D diff , Eq. 17). These values gave good fits for the double-porosity model. For deuterium, we calibrated the porosity of the mobile zone (φ mo ; Eq. 2) and the characteristic time (t c ; Eq. 4). For bromide, we first tried to calibrate the characteristic time, porosity of the mobile zone and the retardation coefficient of the immobile zone (R im ; Eqs. 20, 21 or 22). The retardation coefficient of the mobile zone, R mo , was set to 1, because data show the same early arrival time for both tracers (Fig. 4) . However, the results showed that the porosity of the mobile zone and retardation coefficient were correlated, which means that only one of them can be estimated. Therefore, we fixed the porosity of the mobile zone at a value equal to that obtained from the deuterium breakthrough curve. So, we calibrated the retardation coefficient for the immobile zone and the characteristic time. We use an automated calibration based on the minimization of the following objective function:
v obs and v calc are the observed and calculated values, respectively, and n conc is the number of measured concentrations.
The numerical method for this optimization was Marquardt's method (Marquardt 1963) .
Results and Discussion

Experimental Data
Lithium, bromide and deuterium were used as tracers. The breakthrough curves obtained for deuterium and bromide and the evolution of the cumulative mass (recovery) are displayed in Fig. 4 . Few data were obtained for lithium because the concentrations of the majority of the samples were under the detection limit of the ion chromatography analysis. Hence, the lithium concentrations were not used in the numerical models due to the lack of data. Note that the peak for bromide is lower than the one for deuterium. While the recovery for deuterium is 94 %, the one for bromide is 67 %. It seems that bromide suffers some form of retention which reduces its mobility.
Numerical Model Results
Figure 4 compares experimental data with the single-porosity model. The breakthrough curves of bromide and deuterium and the cumulative mass are showed. The single-porosity model cannot reproduce the measured data. It overestimates concentration at early time arrival and cannot reproduce the tailing at later times. Therefore, a double-porosity model is necessary. Figure 5 compares best fits of the model taking into account matrix diffusion with the experimental data. The relative concentration, the log-log plot of the breakthrough curves and the cumulative mass with respect to time are displayed for each tracer (deuterium and bromide) and also for each geometry (slabs, spheres and tubes). Model results for deuterium fitted perfectly well the experimental data. Hence, the deuterium results show that the doubleporosity conceptual model can be applied in order to model conservative transport in concrete. Theoretically, a t −3/2 dependency on a log-log plot is an indication of matrix diffusion (Hadermann and Heer 1996; Haggerty et al. 2000) . Figure 5 does not clearly show such dependency. It would require longer time periods with a tailing covering several orders of magnitude. In our experiments, this would cause problems with respect to precision and detection limits of concentration measurements. To avoid this, larger concentration of tracers should have been added. Moreover, the flux of water in our test is not constant, which could also have an effect on the shape of the breakthrough curve. Contrary to deuterium, the bromide data cannot be reproduced. Even when linear sorption is applied (Eqs. 20, 21 or 22), the numerical model overestimates the recovered mass. Furthermore, slightly different results are obtained for each geometry. This suggests that some other processes or reactions are at work. It is difficult to determinate these processes from our results. However, some research has been published on anionic uptake in cementitious materials. Baur and Johnson (2003) found a strong sorption of selenate to monosulphate (AFm); they suggest a substitution of sulphate by selenate in monosulphate. Results obtained by Bonhoure et al. (2006) , who also investigated the uptake of selenate, agreed with the previous finding. The iodide uptake by monosulphate was investigated by Aimoz et al. (2012) ; they found that the formation of AFm-I 2 could retard the mobility of 129 I. Hence, we suggest that similarly to selenate and iodide, the retardation of bromide could be due to uptake by monosulphate. Probably this cannot be described well enough by the linear retardation of our model. More research is needed in order to understand the retention of bromide.
For both tracers, the breakthrough curves are similar for each geometry of the immobile zone (slabs, spheres and tubes). This means that we cannot deduce the geometry from concentration measurements at the outlet. However, the models reveal that concentrations in the immobile zone do depend on the type of geometry. This is illustrated in Fig. 6 . It shows the relative concentrations of deuterium versus dimensionless distance (Eq. 19) at the inlet of the sample (y = 0 cm) for three different times (fourth, sixth and eighth day). For all geometries, just after the injection of the tracer (t = 4 days) the relative concentration at the inlet is 1. Thereafter, the concentration of deuterium is moving towards the outlet of the sample and to the immobile zone (x axis), obtaining the maximum concentration in the breakthrough curve after 6 days. From then on, the concentration of deuterium in the immobile zone is higher than that in the mobile zone and deuterium diffuses back into the mobile zone, causing the tail in the breakthrough curve (Fig. 5) . Although the concentrations in the mobile zones are very similar in the three geometries, the slab geometry shows the deepest penetration of deuterium into the immobile zone. Spheres give the shortest penetration.
The parameters obtained from the calibration of both tracers are given in Table 2 . For deuterium, the calibrated parameters were the mobile porosity (φ mo ; Eq. 2) and the characteristic time (t c ; Eq. 4). The immobile porosity was calculated from the total porosity and the mobile porosity (Eq. 1). The calibrated porosity of the mobile phase is similar for all the geometries. It is much smaller than the porosity of the immobile phase. There is less pore volume in the mobile zone, but the connection between pores is probably better than in the immobile zone. Values obtained for the characteristic time are different for each geometry Fig. 5 Evolution of relative concentration, log-log plot of the breakthrough curves and cumulative mass for deuterium and bromide. Double-porosity model results (lines) are compared with the experimental data (points). a Deuterium, b Bromide due to the specific surface, which depends on the geometry (Fig. 6 ; Eqs. 6, 7 or 8). Note that the spheres give a characteristic time about 8 times larger than that of slabs, while characteristic time for tubes is intermediate between spheres and slabs. This partly reflects the factors 1, 3 and 2 in Eqs. 23, 24 and 25, respectively. Partly it reflects the deeper penetration into the immobile zone, hence lower concentration gradient (∂c im /∂ x D ) in the slabs (Fig. 6) . Large characteristic times were obtained for bromide because of retention. Similar values of retardation factor are calculated by the model. We cannot estimate a characteristic length independently of the diffusion coefficient of the immobile zone. However, considering a characteristic length of 100 µm (based on electron microscopy observations) we would obtain a pore diffusion coefficient between 2.8 × 10 −15 and 3.6 × 10 −16 m 2 s −1 , depending on the geometry. These values are low compared to other diffusion coefficient measured in cementitious materials (Goto and Roy 1981; Dridi 2013; Du et al. 2014) . One explanation could be a higher characteristic length. An increase in the characteristic length by a factor of 10 would increase the diffusion coefficient with a factor of 100. Another explanation is that our pore diffusion coefficient only represents small and poorly connected pores in the C-S-H gel that we assume constitutes the immobile zone, whereas the diffusion coefficients of Goto and Roy (1981) , Dridi (2013) , Du et al. (2014) represent the whole domain.
Conclusions
With the aim of improving the characterization of the transport properties of the concrete from the Radioactive Waste Disposal Facility at El Cabril (Spain), we performed a tracer test in a high-pressure core infiltration device using lithium, bromide and deuterium as tracers. We modelled the breakthrough curves of deuterium and bromide obtained from the experimental data. The conceptual model takes into account matrix diffusion, considering a mobile zone where advection, dispersion and diffusion are the transport mechanisms and an immobile zone where there is only diffusion. We assumed the immobile zone to consist of slabs, spheres or tubes. The models have been calibrated acquiring the mobile porosity and characteristic time. Analysing the results, we obtain the following conclusions:
-A single-porosity model without matrix diffusion cannot reproduce the experimental data. -Excellent agreement between numerical model and experimental data for deuterium has been obtained. The double-porosity conceptual model can be applied to model conservative transport in concrete. -Bromide behaviour cannot be reproduced using a conservative transport model. Even when a retardation coefficient is applied, the results are not satisfactory. Similarly to Baur and Johnson (2003) , Bonhoure et al. (2006) or Aimoz et al. (2012) , this could be caused by an uptake of bromide by the monosulphate phase. -From the calibration of deuterium, similar porosities are obtained for all geometries. We found porosities of the immobile zone much higher than that of the mobile zone (about 0.14 and 0.028, respectively). However, the characteristic time depends on the geometry considered; the values obtained are between 40.7 and 316 days. -For conservative tracers, such as deuterium, the fits for the three geometries were practically identical. This means that this type of tracer test cannot be used to determine the geometry of the immobile zone. To do so, a detailed structural characterization of the concrete should be performed. Theoretically, the geometry could also be deduced if tracer concentration distributions inside the immobile zone of the concrete could be measured. However, to our knowledge there is no experimental method for obtaining these types of measurements. -Our findings suggest that double-porosity models should be taken into account in models of transport in concrete, such as transport of radioactive contaminants in the concrete of the facility at "El Cabril."
